After the felling of the native forest to create grasslands, the severe environmental conditions coupled with mismanagement, gave rise to the formation of the bare lands.
The degradation phenomenon in the Kitakami mountains also shows the influence of the interaction between climate, topography and human activity. Introduction Soil erosion is caused by a combination of many factors (natural and/or anthropogenic) and is the most serious form of soil degradation because it can not be reversed.
According to Brown (1981) , the world now loses some 23 billion tons of topsoil per year from uplands in excess of new soil formation.
In Japan, pasturing had been done solely on the lowland areas but during the Edo and Meiji eras, the highlands were also used to initially ting and accelerating run-off and erosion (Lal and Stewart, 1992) . There is a peneplain on the Kitakami mountains in the Tohoku district of Japan (Fig. 1) . It is located at an elevation of about 800m a. s. l. and covers an area of about 70,000ha. There are about 350ha of bare lands on the peneplain (Suiri Kagaku Kenkyujo, 1996) (Fig. 2) .
The degradation phenomenon on the Kitakami mountains has attracted the attention of many researchers.
Studies relating to geomorphology, degradation-control and mechanism of the denudation of the Kitakami mountains have been conducted (Higaki, 1988 (Higaki, , 1992 Koaze and Sawaguchi, 1988; Suiri Kagaku Kenkyujo, 1996) . Although these studies have reported degradation phenomenon has existed for a long time, its beginning and mechanism of development are not clear. Thus, the objectives of this study are to determine the inception and mechanisms of the degradation phenomenon.
II.
Outline of the studied area
The study area is located on the ridge por- The dominant plants growing at the study area are F. crenata in the native forest, Betula ermanii in the secondary forest and Calamagrostis hakonensis and Brachypodium sylvaticum in the grasslands (Table 1) .
Bare lands were observed in the grassland areas, especially, at feeding and watering lots where cattle usually congregate and also on their tracks. In the areas covered by secondary forest with grass undergrowth, no bare lands were observed.
The forest trees might have protected the soils from wind-erosion and low temperature and thus prevented the development of bare lands in the forested areas. According to Suiri Kagaku Kenkyujo (1996) , the possibility of a bare land developing in the forested area is almost nil.
The study areas have about a 1m thick of Holocene and Pleistocene volcanic ash layer overlying an angular gravel substratum.
According to Koaze and Sawaguchi (1988) , there is no volcanic ash dating on the Last Glacial age because during that period the surface soil was removed by either massive movement down to lower slope or by wind erosion. It might have been exposed previously during the Last Glacial age when the surface soil was removed.
1. Origin of bare lands The native deciduous beech forest area on the ridge (above 800m a. s. l.) of the Kitakami mountains, was converted to grassland in the 18th century.
Initially, it was used to feed horses for the shogunate and, later on, cattle. To create the grassland, the native beech forest was felled, thinned and replaced by grassland species. Bad pasture management such as high livestock density and bad troughs distribution, or mere abandonment of the land is thought to be the beginning of the bare land development.
Towards the end of the Meiji era, the grassland production dropped sharply to about one-tenth of its original rate due to the effect of the trampling of horses and cattle and the death of diseased grasses (Kitada, 1985) . Thinning of forests partially to create patches of grasslands within forests has been commonly practiced since olden times. However, overthinning of the forests also led to the development of some bare lands seen in the study areas, although they cover smaller areas.
At the beginning of the Meiji era, the denudation had just begun but during the last 150 years, it has progressed rapidly.
The period of rapid denudation coincided with the period of crop failure and hunger in the Tohoku area due to low temperatures caused by a periglacial climate in the middle and high latitudes (Koaze and Sawaguchi, 1988 A rainfall amount of 700 to 800mm is concentrated within the period from May to October. However, the period from July to September, known as the typhoon period, experiences the greatest rainfall intensity (Suiri Kagaku Kenkyujo,1996) . It is responsible for the rain outwash of the surface soil in the area.
The north-south orientation of the mountains gives them a wide west and east-facing sides. The study area receives strong wind from the west direction during winter and strongly affects the west-facing, windward slope. The transition from winter to spring in April brings strong winds, although the highest velocity is observed during winter, sometimes reaching 45m/s. Onodera (1963) observed that the strong winds in the Ohu mountains of northern Japan, are the cause of the asymmetric nature of trees with their branches bent eastward.
He also noticed the degree of asymmetry decreases with increasing plant density.
Asymmetrically oriented trees were observed in the study area too. These strong winds are also the reason for low accumulation of snow on the west-facing slope. A thin layer of snow does not shield the soil well enough from wind erosion.
Although snowfall in the area is low, temperatures in winter are remarkably low and the annual temperature variation is wide, reaching values lower than -100C in winter and higher than 300C in summer (Koaze and Sawaguchi, 1988) . Soils that are not protected by forest vegetation are directly subjected to the low temperatures, experience frost heaving and are characterized by frost columns.
In these soils, freezing up to 50 cm depth is not rare (Suiri Kagaku Kenkyujo, 1996) . Freezing and thawing of the soils greatly contribute to wind erosion. According to Suzuki (1966) , the number of freeze-thaw days in the higher mountainous regions of northern Japan is high, being of about 125 days/year. The study area has udic moisture and frigid temperature regimes (Soil Survey Staff, 1992 Shoji and Otowa (1988) , basaltic-andesitic tephras contain abundant colored glasses which weather easily to supply larger amounts of bases. They stated that these bases prevent soil acidification and Alhumus complex formation, a condition which favors allophane formation.
The soils of the study area were formed from the following tephras; Iwate-b (1W-b: 3,060-4,780yrs BP, basaltic andesite) from Iwate volcano (Inoue and Yoshida, 1980) , Chuseri pumice (To-Cu: 5,500yrs BP, dacitic) from Towada volcano (Machida, 1987) , and Akita-Komagatake-g tephra and Yanagisawa pumice (AK-g and YP: 12,350yrs BP, andesitic) from AkitaKomagatake volcano (Inoue, 1980) .
IV. Materials and methods
Soil samples were collected from 3 areas showing bare land formation; Kamisodegawa, Aomatsusawa and Hayasaka. At each area, soil samples were collected from pedons located in, at least, three of the following forest (undisturbed), grassland and/or secondary forest (partially disturbed) and bare land (completely disturbed) (Fig. 3) . 1. Morphological properties The horizons were described according to standard procedures (Soil Survey Staff, 1992) and particle-size distribution analysis was carried by the method described by Yoshinaga et al. (1984) .
2. Selected chemical properties The pH (H2O and KCl) of the soils were determined by adding 25mL of deionized water or 1 M KCl to 10g of soil sample, stirred and the pH was determined with a glass electrode.
To 1.0 g of soil, 50mL of 1 M NaF was added, the mixture stirred and the pH (NaF) was read after exactly 2 min. For AIKC,, 10g of soil sample was extracted with 100mL of 1 M KCl and the extracts potentiometrically titrated with a standard NaOH solution using a Hiranuma Reporting titrator.
Phosphate retention was determined according to the procedure described by Blakemore et al. (1987) . Organic carbon content was determined by Tyurin's method (Kononova, 1961) .
3. Mineralogical properties The clay fraction of the samples was treated with dithionite-citrate-bicarbonate (Mehra and Jackson, 1960 ) and subjected to X-ray analysis in parallel orientation after Mg-saturation and glycerol solvation and K-saturation and heat-
Selective dissolution a. Acid oxalate dissolution
The acid oxalate reagent was prepared by mixing 0.2M ammonium oxalate and 0.2M oxalic acid in a 4:3 ratio, and the pH adjusted to 3.0.
To 100mg of air dried clay sample, 200 mL of the reagent was added and the mixture natant was collected by centrifugation. b. Na Pyrophosphate extractable A1, Fe and C To 1g of fine earth, 100mL of pyrophosphate reagent was added, and the mixture was shaken for 16h. Four to five drops of 0.4% Accofloc were added to facilitate flocculation and the mixture was centrifuged.
Pyrophosphate extractable C was determined by Tyurin's method (Kononova, 1961) . For both oxalate and pyrophosphate extractions, the amount of Fe and Al were determined by the method described by Davenport (1949) (Table 2) . The high amounts of bases throughout the profiles and the low amounts of KCl extractable Al in the subsoils are reflected in the moderate to slight pH (H2O), a condition favorable for allophane formation. Apart from the surface soil of Hayasaka which shows a low pH (NaF) of 8.0, all the soils show high values ranging from 10.1 to 11.9, indicating the presence of high amount of active hydroxy-Al (Fe) groups in the exchange complexes of the soils. This also indicates the soils are enriched with noncrystalline clay minerals such as allophane, allophane-like constituents and imogolite (Inoue, 1986) .
Distribution of organic carbon in the pedons is influenced by vegetation and also the accumulation of wind-eroded materials.
As a result, the subsurface soils (buried A horizons) of the grassland and secondary forest have high amounts of organic carbon. Also, there is a positive relation between organic carbon and the distribution of pyrophosphate extractable components (Fe, Al and C) throughout the pedon.
3. Clay mineralogical properties of soils The weak peaks on the X-ray diffractograms of clays, as observed in the native forest (undisturbed pedon) soils (Fig. 4) , suggest that the soils are dominated by noncrystalline clay minerals, although there might have been some influence of Asian long range eolian dust (source of crystalline clay minerals). The strong peaks at the bottom horizons of Kamisodegawa indicates the presence of crystalline clay minerals.
It might be due to the presence of a paleosol of eolian dust accumulation (Inoue and Naruse, 1991) underlying the volcanic ash fall.
The soils of the study areas are allophanic as observed in Table 3 . This result is consistent with the report of Adjadeh and Inoue (1999) . The lower content of allophane in the upper layers is probably due to higher contents of humic substances in these layers inhibiting the formation of allophane (Inoue and Huang, 1987) . It is also observed that the soils show high Alo+1/2 Feo (>2.3%) ( with the report of Maeda and Soma (1986) that bulk density of allophanic Andisols ranges from 0.2 to 0.6Mg m-3. Shoji et al. (1993) also reported that allophane is one of the most important noncrystalline materials contributing to the low bulk density of Andisols through the development of porous soil structure.
The native forest soils of the study areas have high amounts of allophane and the favorable conditions for the formation of allophanic soils. processes are further enhanced by the repeated freezing and thawing cycles of surface soils. The high allophane content of the volcanic ash soils in the study area results in high porosity, contributing to retain large amounts of water resulting in a large water holding capacity (WHC) (Maeda and Soma, 1986 ) of the soils. The high WHC of the soils of the study area, provides favorable conditions for frost heaving and formation of frost columns.
Frost heaving involves upward movement of mineral soils caused by movement of water to the freezing plane and subsequently causing an expansion (French, 1976) . During an expansion of a mineral soil, soil aggregates are disrupted as a result of mechanical movements and the root zone is damaged.
Once the erosive process starts, even soils with surfaces covered by grass are subjected to the wind erosion.
Although the surface soils are held together by the root system of grasses, they collapse due to the removal of the subsurface soils, giving rise to the enlargement of the ruined area (Fig. 5) 
